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ABSTRACT  This  article  carries  out  detailed  study  and 
discussion,  both  theoretically  and  in  terms  of 
experimentation,  on  frequency  doubling  dual  wavelength 
increased  transparency  or  anti-reflection  films  or  coatings. 
It  puts  forth  film  or  coating  series  designs  and  error 
analysis,  as  well  as  production  processes,  and  solves 
problems  of  film  or  coating  uniformity  and  waveband  width. 

I .  FORWARD 

Following  along  with  the  development  of  laser 
technology,  even  higher  requirements  were  presented  in  thin 
film  optics,  and  frequency  doubling  dual  wavelength 
increased  transparency  or  anti-reflection  thin  film  coatings 
are  just  one  among  these.  Frequency  doubling  dual 
wavelength  increased  transparency  films  are  pointed  toward 
simultaneous  increased  transparency  at  0.53 /Mm  and  1.06^m. 

The  relevent  frequency  doubling  dual  wavelength 
increased  transparency  film  theory  and  production  technology 
have  already  been  reported  a  number  of  times 
However,  starting  with  the  actuality,  frequency  doubling 
dual  wavelength  increased  transparency  film  coatings  still 
possess  a.  number  of  problems.  Take  for  example,  the  problem 
of  large  base  plate  uniformity  and  the  problem  of  waveband 
width.  From  theory  and  experimentation,  we  have  carried  out 
detailed  study  and.  discussion,  and  we  have  come  out  with 
film  coating  series  designs  and  error  analyses  as  well  as 
production  processes.  In  conjunction  with  this,  we  solved 
the  large  base  plate  uniformity  problem  and  the  waveband 
width  problem. 

II.  THEORETICAL  FOUNDATION 

Considering  the  various  individual  parameters 
associated  with  multi-layer  media  increased  transparency 
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one  assumes  fll.  coating  tMc.neaaes  to  te 

/eepectlvely  a,,  a,.  a3...,  reftact.on  tnatoee  to 

V,  n  ,  the  base  to  be  Hg 

respectively,  n^,  n2,  n3...,  s 

(1.52),  and  the  incident  medium  to  be 

„„en  light  rays  are  vertically  Incident,  the  system 

reflection  coefficient  is 


<M,,n,-M tins')  ±±(M±iJh!b--J^~ 

In  the  equation,  the  matrix  elements  Mu,  M12'  ^ 


21 


and  M 


22 


are 


given  by  the  form  below: 


M,, 


in  order  to  satisfy  the  requirements  of  zero 
reflection,  it  is  only  necessary  that 

^  noMi.  -«sM22=  0 

\n,nsMit-Mix  =  0 


(1) 

(2) 


P  mnn-i-laver  film  coating  series 
„e  opted  for  the  use  of  mu 

Which  have  equal  thicknesses.  The  ^^,,^^tlon  In 

simultaneously  satisfy  conditions  for  aero  re 

yecatlons  where  wavelengths  havpa. 

:::  :rfre:tlon:'%ecau;e\hL  .  the  case.  It  IS  only 

necessary  to  consider  a  wavelength  point. 
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One  obtains 


(3) 


r  2n 

X,/Xi  =  l/2 


IP 


=  n/S 


Assuming  the 
sets  up  equations 
obtains 


use  of  two 

(1),  (2), 


layer  film  coating  series, 
and  (3)  simultaneously  and 


one 


j^n,  =  0,88 


n  -0  88,  in  reality,  do  not  exist.  In 
Materials  with  nj-O-SS.^  selection  of 

eiaer  to  facilitate 

refraction  index,  we  mahe  use  o 

wp  set  up  equations  (l)f  (  '' 

eyste^s.  «  eonjunction  with  that,  we  set  hi  = 

simultaneously,  ^  obtains 

1  46.  The  material  with  i.  / 


'  Hi  =  1.46 

rii  =  1,67 

l«,  =  1.92 
nd  =  17571 
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on  the  basis  of  the  results  above,  we  respectively  opt 

for  the  use  of  the  three  material  types  SiOj,  AlyOs' 

and  ZrOy  as  matches,  and  we  opt  for  the  use^of  extreme 

value  methods  of  control,  X  control 

III.  ERROR  ANALYSIS 

AS  far  as  the  production  of  multi-layer  film  coatings 
is  concerned,  besides  selecting  appropriate  materials  and 
evaporation  techniques  in  order  to  guarantee  the  uniformi  y 
of  film  layer  thicknesses,  the  Key  problem  is  overseeing  rte 
precision  of  the  thickness  of  each  film  layer.  If  contro 
errors  are  too  large,  it  is  not  possible  to  produce 
predetermined  thin  film  systems.  Error  control  shoul 
guarantee  being  within  a  permissible  range  of  deviation. 

Our  control  method  is  to  opt  for  the  use  of  extrem 
value  control  methods.  Assuming,  when  controling  one 
quarter  wavelength,  the  rate  of  reflection  is  -  ^ 

^  R,  the  corresponding  phase  error  associated  with  phase 
is  cpj.  one  opts  for  the  use  of  excess  correction 
control,  that  is,  93,  =  n/2  +  9>Ao 

When  light  rays  are  vertically  incident,  the 
characteristic  matrix  associated  with  film  thickness  (mde 
of  refraction  is  n^^)  and  base  (ng)  is. 

/B-  /cos<P,  :7«Asin«Pi  ^  r  1  ^ 

,C-  linAsin^Ji  cos<Pi  ^  «s 


Due  to  the  fact  that  cos  tp  ^  -  sin  sin 

Cp  1  =  cos  q>s,  the  aggregate  conductance  or  acceptance 


cos<Pa*=*  1  “ 


one  then  has; 


.■„  a-^yAjVliUg^ 

tlK 


,„aex  o.  re«a=Uon  co„«oX.ea  in  a  vacua.  Is 

2J  +  AR  =  rT* 

_(l  +  ns)<PA  +  ‘(^"^)  0  ^  ^ 


Then 


(ns-D^^’A 


J?  + AK  = 


(ns  +  D'^PA*  + 


^  X»/  -Pa^-x’ 

*  +  \  ~  2  / 

yr  \  *  /  1  - 

,..(”^  +  ».)  (1  2  , 


/  r  2  i!i— \  4ns 

ln^ln\~nA  ,  V _ ^ — - 9 

\«s/nA  +  «Aj|l 

to  t.e  tact  t.at  t.ete  is  no  ettor  ,nen 


Comparing  equat 


/  nsAuUllA-^* 

V  ns/«A  +  «A  / 

ions  (4)  and  (5),  one 

(n,‘ 


obtains 
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A  R  which  is  arrived  at  here  and  the 
The  expression  for  A  R  « 

one  reported  by  H.A.Madeod  in  reference  (5) 

/  \ 


4ns(«A*  haO 

AK  =  — ^  (l  +  nTV^ 


4.  •  This  is  due  to  the  fact  that 

They  are  different  in  places  ^  ^ 

Madeod,  in  deducing  his  expressio  ' 

the  phase  thickness  of  thin  films  themselves  (when  there 

no  error,.  He  only  conslaerea  pHaee  rMo.nees  aeeocralea 

with  errors. 


(ns*  +1  -  w>*  -ns*/nAi)i»s 

4: 


Therefore 


ma  «>a=7' 


Due  to  errors  associatea  with  the  index  of  refraction 
^  H "or  the  1st  layer,  this  leads  to  phase  thlcKness  error 
Therefore,  this  also  .ahes  the  2d  layer  induce 

phtse  thichness  error  b’  ,,, 

rnsiaer  the  fact  that  the  :: 

nonabsoptive  films  form  a  clockwise  cir 
complex  admittance  planes. 


R+AR 


R 

'd  n  +  A« 


Fig.l  Phase  Thickness  Errors  Associated  w 


ith  Film  Layers  A 


„  Flc  1  It  is  possible  to  see  that  the  phase  error 

cor  layer  A  is  njZ  laver  B  and  the 

the  intersection  point  between  film 
Cp  B'  .  X  „ 


real  axis  changes  from  n  to  n+  An, 


/S'! 

\C' 

V 

COSf>i 
{nesin^B  cos^Jb 


t  .  \  / 

ns 


V— +  o  —  sin  + 

V^T  *  Ha  V  2  / 

+  *’1  )  “’‘C’2*'’*^  / 


r" 


ns 


J 


tar  as  the  aggregate  admittance  .=C/B 
„  or/er  to  solve  for  nt  .  n.  one  mahes  -  -aginar.  part 
,t  Y=C/B  equal  to  zero,  eliminating  cp  ^  an  cp  g 
ligher  order  terms  to  obtain 


T^* 

9^*" 


(8) 


The  result  derived  here  and  the  one  derived  by 
H.A.Mcleod  in  reference  (5) 

wt  —  n6*/"A-sp^ 

Vi- ~  HB-nsVnB 


are  also  different  in  places, 
to  Macleod's  Ignoring  the  phase 
layer  (that  Is,  film  layer  A)  i 


In  the  same  way , 
thickness  of  the 
tself  • 


this 

1st 


is  due 
film 


Make : 


tla  —  ns*/^A - — 

N=' 


(9) 


In  these  eguations,  cp  ^ 
symbols.  If  1st  layer 


and 

has 


Op  g  are  reciprocal 
a  positive  error,  then, 


in 
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case,  the  excess  positive  or  excess  correction  of  the 
1st  layer  Is  Just  right  for  the  use  of  rnadeguat  ^  B 

existence  of  control  error  ^  m  this  vay,  the 

complete  error  associated  vith  the  ad  layer  fi«  should 

include  two  parts,  that  is 


.  ,  a-rea  ranable  of  obtaining  the 

By  the  same  principles,  we  are  capable 

3d  layer  error 


in  this,  Nj,  Nj,  Mj,  and  M3  are  obtained, 

respectively,  on  the  basis  of  equivalent  film  lay 

During  actual  supervisory  control,  refractive  index 

1  ^  errors  are,  generally,  composed  of  Wo  terms,  that 
control  errors  ar  y  lornation  of  a  value 

Hs  the  error  ci  vhen  a  head  passes  the  location 
IS,  the  erruj.  _  /?  .  In  normal 

mra-ini  and  the  random  signal  error  r 
turning  point  and  t.  distributions, 

situations,  os  and  ^  app  ^ 

within  permitted  ranges,  giving  the  h  P 
within  pe  „sociated  with  refractive  index 

the  random  error  associ  this,  from 

prrors  for  each  layer  or  rixm 
^  .  p  p  for  two  (0,1)  distributions 

the  normal  functions  Pff  2  4.  a  •  Qnl  av  the 

i-or-  it  is  possible  to  display  tne 
produced  by  computer,  \  j,  -  p,  +  P,  /?  • 

reflective  index  errors  as,  ^  (eho), 

Assuming  is  l-0«  and  ft  w  0.5/o  ^ 

From  the  derivations  above,  it  is  poss 

1st  layer  error: 

.,.=0.1036, 


2d  layer  error: 

-0.0509  , 


Rrz  ~ 


=  -  Z% 
n/2 


O 


3d  layer  error: 


(pc  —  0,1708  9 


When  errors  of  6.6%,  -3%,  and  10.8%,  respectively, 
exist  in  three  layer  film  thicknesses,  the  three  layer  film 
thicknesses  are,  respectively: 

n,  =  1.92,  1883A> 

Bi  =  1.67,  1714  Ai 

«,  =  1.46,  1957A» 


Using  numerical  data  for  the  three  film  thicknesses 
above  and  entering  it  into  a  computer,  one  obtains  the 
results  below: 

171 

where  0,53fim  R  =  0.0008 

where  l.OGfi®  R  =  0.0005 

The  computer  programs  were  supplied  by  Shanghai  Optical 
Instruments  Institute.  The  results  above  clearly  show  that 
using  extreme  value  methods  controls  errors  within 
permissible  ranges. 


IV.  PRODUCTION  TECHNIQUES 

1 .  Characteristics  of  Zr02  Film  Material 

Zr02  material  is  a  block  material  which  is  sintered 
or  agglomerated  for  2  hours  in  a  1200°C  high  temperature 
furnace,  using  an  E  type  electron  gun  for  evaporation  or 
volitilization.  The  magnitudes  of  Zr02  film  refractive 
indices  and  basic  temperatures  as  well  as  degrees  of  vacuum 
and  speed  of  sedimentation  are  very  greatly  dependent  on 


9 


each  other.  In  this  way,  giving  the  illuviation  or 
deposition  brings  the  greatest  difficulties.  Therefore, 
fixing  evaporation  or  volatilization  conditions  is  an 
extremely  important  guestion.  Moreover,  the  basic 
temperatures  and  degrees  of  vacuum  associated  with 
evaporation  or  volatilization  conditions  can  be  maintained 
invariable.  In  this  way,  the  key  guestion  is  none  other 
than  evaporization  or  volatilization  speeds.  Control 
evaporization  or  volatilization  speeds  depends  on  the  degree 
of  familiarizaton  of  the  operating  personnel  and  technical 
levels.  Since  evaporization  or  volatilization  speeds  cannot 
be  too  fast,  they  also  cannot  be  too  slow.  Too  fast,  and  it 
is  easy  to  form  large  granular  crystals,  making  the  thin 
film  surfaces  turn  very  coarse.  Too  slow,  and  .refractive^ 
indices  are  not  able  to  reach  reguirements .  Moreover,  this 
will  influence  the  close  and  compact  nature  of  thin  films. 


u(A/s)  5  8  10 

12 

15 

:  40 

n  1.821  1.880  1.915 

1.925 

1.927 

2.010 

Table  1  Relationship  Between  Refractive  Index  n  and 
Evaporation  or  Volatilization  Speed  v 


Table  1  is  experimental  results  for  Zr02  refractive 

indices  with  different  speeds  of  evaporization  or 

volatilization.  The  base  temperature  is  180°C.  The 

-2 

degree  of  vacuum  is  1.5x10  Pa. 


10 


=  ^rP  averaae  values  from  multiple 
The  data  above  are  averag  ^ 

4-=.  mv>pv  soeak  to  single  layer 
"m").  ’They  V«e  „ea=.rea  In  air.  T.e 

aata  above  cieariy  sbov  that  refraoUve 

i.=riai  for  alven  temperatures  and  air 
.Itb  zro,  ma  ,  influenced  by  evaporation  or 

pressures,  are  ve  y  y  ,  .  ^  t-air-ina  12  A/s  as 

volatilization  speeds.  Generally  spea.ing, 
e  speed  of  evaporizaton  or  volatilization  is  relati 

appropriate . 

2.  Characteristics  of  AljOa  Fill-  Material 

M,03  material  is  a  transparent  crystal.  Its 
refractive  index  and  evaporation  - 

conditions  are  also  very  greatly  i„,iees 

of  "ri^rTants"'  Under  conditions  of 

ere  capable  ^  -^-^^'"^“^^.‘.rures ,  and  rapid  speeds  of 
good  vacuum,  hig  capable  of  reachiing 

4-  opppf^s  of  evaporation  or  volatilization. 

for  different  speeds  of  ^  pegree  of  vacuum  is 

base  temperature  is  the  same  180  C.  Deg 
1 .5xl0"^Pa. 


uCA/s)  5 


1.551  1.557  1.561  1.612  1.631  1.65;^ 

Refractive  Index  n  and  Speed 


Table  2  Relationships  Between 
of  Evaporation  or  Volatilization 


3.  Characteristics  of  Si02  Film  Material 

Large  amounts  of  experimentation  verify  that  the 
reproducibility  of  refractive  indices  for  Si02  in  air  is 
relatively  good.  Speeds  of  evaporation  or  volatilization 
are  relatively  fast^”^^,  and  generally  40  A/s.  Due  to 
these  characteristics,  it  is  reguired,  when  evaporating 
Si02,  to  pay  particular  attention  to  precision  control. 

V.  EXPERIMENTATION 


In  the  process  of  experimentation,  we  discovered  a 
number  of  problems.  One  is  the  relative  narrowness  of 
wavebands  at  0.53/^m  locations.  This  creates  difficulties 
in  production  work.  The  second  is  the  relatively  bad 
uniformity  of  large  base  plates.  Sometimes  plate  diameters 
are  as  large  as  ^  300mm.  Large  base  plate  uniformities, 
besides  being  related  to  plating  film  machine  geometrical 
parameters,  are  also  related  to  control  precision  associated 
with  surface  configurations  at  different  locations  on  large 
plates  and  base  temperature  inconsistency  causing  base  layer 
film  thicknesses  to  be  unable  to  achieve  uniformity. 

In  order  to  solve  the  above  problems,  on  the  bottom 
layer,  another  layer  of  low  refractive  index  film  with  V2 
(1.06^m)  is  added,  that  is,  an  Si02  film  layer.  In  this 
way,  it  is  possible  to  widen  the  bandwidth  at  0.53yum 
locations,  raising  the  uniformity  of  film  coating 
plates^ Thin  film  nonuniformities  of  ±1%  or  more  are 
improved  to  less  than  +0.5%.  Film  thickness  uniformity 
achieves  very  great  advances. 

Bottom  layer  film  thickness  is  X/2  (1.06 /,im  is  just 

one  half  of  a  wavelength  at  0.53yUm  locations,  and,  at  the 


12 


172 


sa.e  tl.e,  ju.t  3/4  times  the  control  wavelength).  Extr 
value  method  control  goes  tor  three  rounds. 

Fig. 2  is  the  theoretical  curves  with  and  without  the 

plating  of  an  additional  sio^  base  layer.  From  ™ 

L  Fig  2,  it  is  possible  to  see  that  the  waveband  widths 
0  53I  locations  after  base  layer  addition  and  1.0  ;^m 
F;carions  are  all  widened.  This 

worh.  At  the  same  time,  there  are  -penmen  wh  ch  cl 
Show  that  SiO,  film  laser  light  loss  threshold  values^^^ 
basically  have  no  film  thickness  effects 

basically  ^  experiments  which 

dependence  relationships. 

clearly  show  that,  in  increased  transparency  or 
aLireflection  film  base  layers  with  the  additional  plating 
Of  it  is  possible  to  raise  thin  film  laser  loss 

threshold  values 


Table  3.  Experiment  Results 


itslasa 

*  ■ 

^ '  A  1/ 

- o?s  o.'t  0-7  ’ 


Q 


0,53(nni)  l.OeClim) 


l%o 

1.5%o 

0.5%o 

l%o 

l%o 


1.5%» 


.■..n  curves  With  and  Without  the  Additional 
Fig. 2  Theoretical  Curves  wit  Plated 

Plating  of  SiOj  (D  Onplated  Base  Layer 
Base  Layer  (3)  Wavelength 
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From  the 


Table  3  is  the  latest  experin,ental  results. 

that  experimental  results  an 

results,  one  can  worth  drawing 

theoretical  numerical  values  agree.  What  is  w 

^“"'Tea'wiih 

rera^uv!  iidex  =--‘-;/;‘‘irs::::rexerrire:; 

Therefore,  when  plating  AI2O3' 

effort  to  enlarge  the  refractive  index.^_ 

we  express  our  thanks  to  valuable  points 

Kulylng,  and  Wu  Zhoullng,  who  presented 

view  on  this  work. 
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